ABSTRACT A trench-gate field stop insulated gate bipolar transistor (TFS-IGBT) with a novel hybrid p + /n collector structure is proposed to enhance the trade-off relationship between the on-state voltage drop (V on ) and the turn-off energy loss (E off ). The proposed hybrid collector structure consists of a p + /n layer between the p + collector and the field stop layer. During turn-on, the p + regions in the hybrid p + /n layer provide high carrier injection efficiency. During turn-off transient, the n-regions in the hybrid p + /n collector provide fast carrier extraction paths for holes. 2-D numerical simulations comparing a conventional TFS-IGBT, an injection efficiency controlled IGBT with the proposed hybrid p + /n collector TFS-IGBT (HC-IGBT) having similar device structures show that for a 1.2 kV rating and with V on at 1.5 V, the HC-IGBT has an advantage in E off reduction by 69% and 22%, respectively. Finally, backside mask alignment is not needed for fabricating the proposed hybrid p + /n collector structure.
I. INTRODUCTION
THE insulated gate bipolar transistor (IGBT) has become one of the most widely utilized power semiconductor switches in the mid-and high-power applications. There is always a trade-off relationship between the on-state voltage drop (V on ) and the turn-off energy loss (E off ). V on can be reduced by modifying the emitter structures of the IGBTs [1] - [4] . The trade-off between V on and E off can also be enhanced by modifying the collector structure [5] - [7] . Injection efficiency controlled IGBTs (IEC-IGBT) have been shown to be effective in the trade-off between V on and E off [8] - [12] . Other published structures such as reverse-conducting IGBT [13] , snapback-free reverse-conducting IGBT [14] , IGBT with pinched-off ntype pillar [15] , SJ-IGBT [16] - [20] , CSTBT [21] , [22] and IGBT with Controllable Trench Gate [23] etc., are also favorable for enhancing the trade-off between V on and E off . For future IGBTs, it will be more and more important to consider the trade-off between switching and on-state losses based on novel device structures and advanced manufacturing techniques [24] . This paper presents a novel IGBT with a hybrid p + /n collector structure. By inserting a layer with alternating p + /n pattern between the p + collector and the Field Stop layer, high injection efficiency during turn-on can be effectively maintained, and hole-carrier extraction during turn-off can be dramatically improved. The proposed hybrid p + /n collector structure can be easily fabricated without backside photomask alignment.
The proposed device structure is described in Section II. Extensive simulations comparing with the Conventional Trench-gate Field Stop IGBT (Conv. TFS-IGBT) [15] , IEC-IGBT [7] , [8] , and previously published IGBTs [14] , [25] are presented in Section III. Section IV provides a short summary.
II. DEVICE STRUCTURE AND FABRICATION PROCESS
In Fig. 1 , the two types of IGBT have identical doping profiles and dimensions other than the p + collector. In the Conv. TFS-IGBT, the emitter structure is the same as that in Fig. 1 Personal use is also permitted, but republication/redistribution requires IEEE permission. VOLUME 7, 2019 See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 677 a uniform p + collector. By inserting a segmented thin SiO 2 layer between the p + substrate and the collector metal, the Reduced Contact TFS-IGBT, can increase the hole injection efficiency to produce lower V on . However, the hole-carrier extraction path remains restricted without significant reduction in turn-off loss [7] . The thin SiO 2 layer will result in an increase of electron concentration in the p + collector, Field Stop layer and n-drift region during device forward operation. Therefore, the forward breakdown voltage (FBV) comparing with the Conv. TFS-IGBT under the same device thickness, is reduced. Compared with the Reduced Contact TFS-IGBT, the IEC-IGBT, as illustrated in Fig. 1(a) , has an alternating p + /n pattern at the collector to facilitate hole-carrier extraction [8] . The collector structure for the IEC-IGBT requires two back-side photolithography steps, with one requiring accurate alignment. The alternating p + /n pattern also increases the parasitic resistance at the collector. This leads to an increase in the FBV when compared to the Conv. TFS-IGBT and the Reduced Contact TFS-IGBT with the same device thickness. The cross-sectional view of the proposed Hybrid p + /n Collector TFS-IGBT (HC-IGBT) is shown in Fig. 1 
(b).
A thin p + collector layer under the alternating p + /n regions simplifies the collector contact. The full contact at the collector electrode can further increase the FBV when compared to the IEC-IGBT with the same device thickness.
The role of the alternating p + /n pattern at the collector in the proposed HC-IGBT is the same as that in the IEC-IGBT. Its main purpose is for improving the tradeoff between V on and E off . The alternating p + regions are designed to provide high carrier injection efficiency under forward conduction while the alternating n-regions provide effective hole extraction during turn-off transient, as illustrated in Fig. 2 . The doping concentration of the alternating n-regions is higher than that of the Field Stop layer. As a result, the trade-off between V on and E off can be tailored as a function of the width ratio of the p + region (W p+ ) and the half-cell (W h−cell ). Compared with the striped anode structure [9] reported by Luther-King et al., the proposed hybrid p + /n collector structure exhibits more flexible tradeoff between V on and E off , due to the fact that the thin p + collector layer can reduce the contact resistance and produce higher carrier injection efficiency in the on-state, and the alternating n-regions (with higher doping concentration than the FS layer) and the thin p + collector can extract holes more quickly during the turn-off transient. In the striped anode structure, holes in the drift region can be extracted effectively during turn-off transient by increasing the doping concentration of the n-buffer layer. However, the FBV will decrease with the increase in the n-buffer doping concentration.
The fabrication sequence for the emitter structure of the proposed HC-IGBT is the same as that for a Conv. trench MOSFET. The process flow for the proposed hybrid p + /n collector structure is depicted in Fig. 3 . First, the Field Stop layer is formed by a very high energy (∼1000 keV) uniform phosphorus implant, as shown in Fig. 3(a) . Next, a uniform n-layer is implanted (∼200 keV) with higher doping concentration than the Field Stop layer, as shown in Fig. 3(b) . The alternating p + regions are then formed by a masked boron implant without alignment, as shown in Fig. 3(c) . Finally, the back-side of the wafer (Collector side) receives a thin and uniform p + layer, as shown in Fig. 3(d) . The formation of the proposed collector structure does not require critical alignment.
III. SIMULATION RESULTS AND DISCUSSION
Two-dimensional numerical simulations based on Crosslight TCAD tools (Csuprem and Apsys) were carried out to verify the proposed concept. In the turn-off simulations, the gate voltage, V G is switched from 0 to 15 V, with a gate resistor, R G = 12 , load inductor, L C = 200 µH, stray inductance, L S = 10 nH, conduction current, I C = 30 A, and line voltage, V CC = 600 V. width ratio of η = W p+ /W h−cell = 0.63 (W p+ = 1.1 µm, W h−cell = 1.75 µm), the IEC-IGBT and the proposed HC-IGBT are found to have the best trade-off between V on and E off , as shown in Fig. 5(a) and (b). In Fig. 5(c) , at both 25 and 125 • C, the HC-IGBT has the lowest V on at the same collector current density when the peak doping concentration of the alternating n-regions (N n ) is 4.5 × 10 17 cm −3 . Fig. 5(a) shows the forward blocking curves of the three types of IGBT. At the same device thickness of 82 µm, the FBV of the Conv. TFS-IGBT, IEC-IGBT, and the proposed HC-IGBT are 1200, 1301 and 1320 V, respectively. For 1320 V (with 10% overhead on the 1200 V rating) FBV, the device thickness for them should be 92, 83 and 82 µm, respectively. Correspondingly, the thicknesses of their n-drift region are 87, 78 and 77 µm, respectively. Other optimized device parameters for the IEC-IGBT and the HC-IGBT are listed in Table 1 . Fig. 6 shows the hole carrier extraction process at 25 • C along line AA (see Fig. 1 ) during turn-off transient. At the same injection level, the extraction time for the Conv. TFS-IGBT, IEC-IGBT, and the proposed HC-IGBT is 1.1, 0.67, and 0.48 µs, respectively. This verifies that the holes in the n-drift region can be extracted quickly through the alternating n-regions and the thin p + collector in the HC-IGBT during turn-off transient. The IEC-IGBT without the thin p + collector exhibits a slower hole extraction process.
At the same FBV of 1320 V (with 10% overhead on the 1200 V rating), Fig. 7 shows that comparing with the Conv. TFS-IGBT and IEC-IGBT at the same V on = 1.5 V, the proposed HC-IGBT exhibits a reduction in E off by 69% and 22%, respectively. Comparing with previously published VOLUME 7, 2019 679 FP-RC-IGBT [13] (E off = 3.37 mJ @ V on = 1.44 V) and U-Fin-P IGBT [21] (E off = 5.1 mJ @ V on = 1.43 V), the proposed HC-IGBT also offers a better trade-off between V on and E off because of the novel hybrid p + /n collector structure.
When the mask for the p + regions in the hybrid p + /n collector structure is horizontally shifted to right or left (by 0.3/0.6/0.9 µm), see in Fig. 8 , V on and E off of the HC-IGBT change by a maximum of 0.65% and 5%, respectively. The device performance is nearly unaffected by the misalignment of the collector side pattern with respect to the top emitter pattern. In the p-body, the path for the removal of the hole current is along the channel direction and near the channel to satisfy charge neutrality. The turn-off speed and on-voltage is dependent on the length of the path for hole carrier extraction. As the pattern of the p + /n collector structure shifts from left to right, the length of the extraction path also changes. During turn-off transient, the shorter the extraction path from the vertical channel area near the gate oxide, the faster the holes extraction speed. At lower on-state voltage drop, the large hole concentration in the n-drift region causes a slight change in the turn-off energy loss due to a change in the hole extraction path. However, at higher on-state voltage, there are relatively fewer holes in the n-drift region. The change of the hole extraction path will lead to a relatively larger change in the turn-off energy loss. Therefore, at higher voltage drop, the slope is different for difference cases. When the p + regions in the hybrid p + /n collector structure shift to the left, the path from n regions to channel area becomes shorter. The path is the shortest when the p + region shifts 0.6 µm to the left. Therefore, E off is reduced and it is the lowest when the p + region shifts 0.6 µm to the left. In contrast, when the p + regions shift to the right, the path from n regions to channel area becomes longer. The path is the longest when the p + region shifts 0.6 µm to the right. E off is increased and it is the highest when the p + region shifts 0.6 µm to the right.
IV. CONCLUSION
In this paper, a novel low turn-off loss Trench-gate Field Stop IGBT with a hybrid p + /n collector structure is proposed and investigated with two-dimensional numerical simulations. The fabrication of the proposed hybrid p + /n collector structure does not require mask alignment and high temperature drive-in process. Under FBV = 1320 V, V on = 1.5 V and I C = 30 A, comparing with the Conv. TFS-IGBT and 680 VOLUME 7, 2019
the IEC-IGBT, the proposed HC-IGBT can provide better trade-off between the on-state voltage drop and the turn-off energy loss. Comparing with some published IGBTs, it also offers better performance.
